We explore the electromagnetic gauge invariance of the hadron tensor of the Drell-Yan process with one transversely polarized hadron. The special role is played by the contour gauge for gluon fields. The prescription for the gluonic pole in the twist 3 correlator is related to causality property and compared with the prescriptions for exclusive hard processes. As a result we get the extra contributions, which naively do not have an imaginary phase. The single spin asymmetry for the Drell-Yan process is accordingly enhanced by the factor of two.
We show that to restore the electromagnetic gauge invariance of the transverse polarized DY hadron tensor, it is mandatory to add the extra diagram contribution (cf. [26] ), also at the twist three level. In contrast to the naive assumption, we demonstrate that this new additional contribution is directly related to the certain complex prescription in the gluonic pole 1/(x 1 − x 2 ) of the quark-gluon function B V (x 1 , x 2 ). It is essential that this prescription is process-dependent, supporting the idea of effective process-dependent Sivers function (see e.g. [27] and Refs. therein) related to this correlator.
In more detail, we show that the causal pole prescription in the quark propagator, involved in the hard part of the standard diagram, supports the choice of a contour gauge and, in turn, the representation of the quark-gluon function B V (x 1 , x 2 ) in the form of the gluonic pole with the mentioned complex prescription. This representation must be extended on the diagram, which naively does not contribute to the imaginary part. They ensure a new contribution to the imaginary part which is necessary to maintain the electromagnetic gauge invariance. Finally, the account for this new contributions corrects the SSA formula for the transverse polarized Drell-Yan process by the factor of 2.
II. CAUSALITY AND CONTOUR GAUGE FOR THE GLUONIC POLE
We study the contribution to the hadron tensor which is related to the single spin (left-right) asymmetry measured in the Drell-Yan process with the transversely polarized nucleon: N (↑↓) (p 1 ) + N (p 2 ) → γ * (q) + X(P X ) → ℓ(l 1 ) +l(l 2 ) + X(P X ), where the virtual photon producing the lepton pair (l 1 + l 2 = q) has a large mass squared (q 2 = Q 2 ) while the transverse momenta are small and integrated out. The left-right asymmetry means that the transverse momenta of the leptons are correlated with the direction S × e z where S µ implies the transverse polarization vector of the nucleon while e z is a beam direction [28] .
The DY process with the transversely polarized target manifests [23] the gluonic pole contributions. Since we perform our calculations within a collinear factorization, it is convenient (see,e.g., [29] ) to fix the dominant light-cone directions for the DY process shown at Fig. 1 
so that the hadron momenta p 1 and p 2 have the plus and minus dominant light-cone components, respectively. Accordingly, the quark and gluon momenta k 1 and ℓ lie along the plus direction while the antiquark momentum k 2 -along the minus direction. Focusing on the Dirac vector projection, containing the gluonic pole, let us start with the standard hadron tensor generated by the diagram depicted on Fig. 1(a) :
where
Throughout this paper, F 1 and F 2 denote the Fourier transformation with the measures
respectively, while F 
Analyzing the γ-structure of (2), we may conclude that the first term in the quark propagator singles out the combination: γ + γ α γ − with α = T which will lead to the matrix element of the twist three operator, ψ γ + A T α ψ with the transverse gluon field. After factorization, this matrix element will be parametrized via the function B V (x 1 , x 2 ). The second term in the numerator of the quark propagator separates out the combination γ + γ α γ + with α = −. Therefore, this term will give ψ γ + A + ψ which, as we will see now, will be exponentiated in the
Indeed, this part of the standard hadron tensor is given by
Note that the prescription −iǫ in the denominator of this expression directly follows from the standard (see, e.g. [35] ) causal prescription for the massless quark propagator in (2) . Integrating over ℓ + , one can immediately obtain the corresponding θ-function in (6):
Including all gluon emissions from the antiquark going from the upper blob on Fig. 1(a) (the so-called initial state interactions), we get the corresponding P -exponential in Φ
The latter is now represented by the following matrix element:
If we include in the consideration the gluon emission from the incoming antiquark (the mirror contributions), we will obtain the Wilson line [η − 1 , −∞ − ] which will ultimately give us, together with (10), the Wilson line connecting the points 0 and η 1 in (9) . This is exactly what happens, say, in the spin-averaged DY process [30] . However, for the SSA, these two diagrams should be considered individually. Indeed, their contributions to SSAs, contrary to spin-averaged case, differ in sign and the dependence on the boundary point at −∞ − does not cancel.
To eliminate the unphysical gluons from our consideration and use the factorization scheme [6] , we may choose a contour gauge [31] [−∞
which actually implies also the axial gauge A + = 0 used in [6] . Let us discuss the problem of gauge choice in more detail. In (11), the so-called starting point x 0 (see, [31] ) is fixed to be at −∞ − owing to the certain complex prescription +iǫ in the quark propagator in (2). If we would change the starting point x 0 on +∞ − , this would correspond to the choice of the "anticausal" complex prescription −iǫ. On the other hand, the axial gauge A + = 0 is independent on the choice of x 0 and we are able to eliminate the Wilson line by choosing simply A + = 0 without referring to the starting point x 0 . Nevertheless, since our prescription +iǫ in the quark propagator uniquely fixes the starting point x 0 at −∞, the expression for the Wilson line (10) hints the choice of gauge (11) .
Imposing this gauge one arrives [31] at the following representation of the gluon field in terms of the strength tensor:
Moreover, as we will demonstrate below, if we choose instead an alternative representation for the gluon in the form:
(which corresponds to the gauge condition [+∞ − , 0 − ] = 1 and also results in A + = 0) keeping the causal prescription +iǫ in (2), the cost of this will be the breaking of the electromagnetic gauge invariance for the DY tensor.
We are now ready to pass to the term with ℓ + γ − in (2) which gives us finally the matrix element of the twist three quark-gluon operator with the transverse gluon field. Let us stop, in more detail, on the parametrization of the relevant matrix elements:
Using the representation (12) , this function can be expressed as
where the real regular function T (x 1 , x 2 ) ( T (x, x) = 0) parametrizes the vector matrix element of the operator involving the tensor G µν (cf. [32] ):
Owing to the time-reversal invariance, the function B
can be chosen as
Indeed, the function B V (x 1 , x 2 ) is an antisymmetric function of its arguments [6] , while the anti-symmetrization of the additional term with B V A(−∞) (x 1 ) gives zero. There is no doubt that the only source of the imaginary part of the hadron tensor is the quark propagator. One may try to realize this property by assumption that matrix elements are purely real,
corresponding to asymmetric boundary condition for gluons [24] :
Here we suggest another way of reasoning. The causal prescription for the quark propagator, generating its imaginary part, simultaneously leads to the imaginary part of the gluonic pole. Let us emphasize that this does not mean the appearance of imaginary part of matrix element (which by itself does not have an explicit physical meaning) but rather the prescription of its convolution with hard part. This procedure is in agreement with the prescriptions which were appeared in the exclusive case in the parametrization of the generalized gluon distributions [33, 34] .
Note that the fixed complex prescription +iǫ in the gluonic pole of B V (x 1 , x 2 ) (see, (15) ) is one of our main results and is very crucial for a new contribution to hadron tensor we are now ready to explore. Indeed, the gauge condition must be the same for all the diagrams, and it leads to the appearance of imaginary phase of the diagram (see, Fig. 1(b) ) which naively does not have it. Let us confirm this by explicit calculation. 
III. HADRON TENSOR AND GAUGE INVARIANCE
We now return to the hadron tensor and calculate the part involving ℓ + γ − , obtaining the following expression for the standard hadron tensor (see, the diagram on Fig. 1(a) ):
where we used ℓ + γ − = (x 2 − x 1 )p 1 and
We are now in position to check the QED gauge invariance by contraction with the photon momentum q µ . Calculating the trace
one gets
if the gluonic pole is present. Note that here and below we consider only the imaginary part of the hadron tensor ( as for any single spin asymmetry). Let us analyze this problem from a viewpoint of the so-called ξ-process (see [35] , Section 33.2) applied for the partonic sub-process. Generally speaking, the single diagram on Fig. 1(a) cannot give the gauge invariant hadron tensor. One needs the second diagram (cf. ) with the gluon insertion in the quark line, see Fig. 1(b) .
We now focus on the contribution from the diagram depicted on Fig. 1(b) . The corresponding hadron tensor takes the form:
where the function F (k 1 ) reads
Performing the collinear factorization, we derive the expression for the factorized hadron tensor which corresponds to the diagram on Fig. 1(b) :
After some algebra, the integral over k 1 in (27) can be rewritten as
where the parametrization (14) has been used. Taking into account (28) and calculating the Dirac trace, the contraction of the tensor W (2) µν with the photon momentum q µ gives us
From this, one can observe that if the function B V (x 1 , x 2 ) is the purely real one (see, (19) ), this part of the hadron tensor, which is associated with the diagram on Fig. 1(b) , does not contribute to the imaginary part.
We now study the net effect of the W (1) µν and W (2) µν contributions and its role for the QED gauge invariance. adding the contributions of (24) and (29), one can easily obtain:
If we tacitly assume that B V (x 1 , x 2 ) is some real and regular (at x 1 = x 2 ) function that the numerator and denominator in the first term inside the brackets are contracted and, as a result of this, both the first and second terms in (30) do not have an imaginary part. That would mean the electromagnetic gauge invariance for the tensor.
The existence of the gluonic pole changes the situation. Inserting now (15) into (30), one gets
Performing the calculation one gets:
This is nothing else than the QED gauge invariance for the imaginary part of the hadron tensor. From (31), we can see that the gauge invariance takes place only if the prescriptions in the gluonic pole and in the quark propagator of the hard part are coinciding. Indeed Eq. (31) with the field (13) takes the form
It is clear that the first term in the brackets is purely real, and the imaginary part from the second term stays uncompensated. Let us note for completeness, that the treatment of the pole in the principal value sense is equivalent to the mean arithmetic of two discussed prescriptions and also cannot satisfy the gauge invariance. Thus we completed the reductio ad absurdum of the hint suggested in Section II and found that the contour gauge (11) is a correct one. In other words, it means that the prescription in the quark propagator must agree with the representation of B V (x B , x 2 ). Otherwise, one may face the problem with the gauge invariance. It is instructive to compare the electromagnetic gauge invariance of the gluonic poles contributions with that of perturbative QCD. In the latter case the imaginary part is provided by hard gluon loops and the QED gauge invariant set consists of 3 diagrams depicted on Fig. 2 . At the same time, the imaginary part is due to the single diagram on Fig. 2(a) and it is gauge invariant by itself as the photon line couples to two on-shell (because of the Cutkosky cutting rule) quarks. This reasoning, however, does not happen to work for (non-perturbative) gluonic pole contribution (see, Fig. 1(a) ) and the contribution of the diagram on Fig. 1(b) should be added to ensure the electromagnetic gauge invariance. This is clearly seen from Eq. (30) where the analog of the contribution of the diagram on Fig. 2(a) is represented by the first term in the brackets. Its imaginary part is zero (i.e. QED gauge invariant) only if gluonic pole is absent at all. This situation corresponds also to the difficulties in the applicability of Ward identities to gluonic poles contributions (see [36] and Refs. therein).
As we have shown, only the sum of two contributions represented by the diagrams on Fig. 1(a) and (b) can ensure the electromagnetic gauge invariance. We now inspect the influence of a "new" contribution 1(b) on the single spin asymmetry and obtain the QED gauge invariant expression for the hadron tensor. It reads
where one used q 2 = sx B y B and introduced the vector
which together with the vectors:
form the mutually orthogonal basis (see, [28] ). Here p i µ are the partonic momenta (q µ = p 1 µ + p 2 µ ) With the help of (35) and (36) , the lepton momenta can be written as (this is the lepton c.m. system)
Within this frame, the contraction of the lepton tensor with the gauge invariant hadron tensor (34) reads
We want to emphasize that this differs by the factor of 2 in comparison with the case where only one diagram, presented on Fig. 1(a) , has been included in the (gauge non-invariant) hadron tensor, i.e.
Therefore, from the practical point of view, the neglecting of the diagram on Fig. 1(b) or, in other words, the use of the QED gauge non-invariant hadron tensor yields the error of the factor of two. Indeed, taking the contribution of the diagram Fig. 1(a) corresponds to keeping of only the term proportional to p 1 µ in (35) . The contraction with (gauge invariant) leptonic tensor is equivalent to making it gauge invariant by substitution
It is this factor of 2 which makes the difference with the correct gauge invariant expression.
IV. CONCLUSIONS AND DISCUSSIONS
The essence of this paper consists in the exploration of the electromagnetic gauge invariance of the transverse polarized DY hadron tensor. We showed that it is mandatory to include a new contribution of the extra diagram which naively does not have an imaginary part. The account for this extra contribution leads to the amplification of SSA by the factor of 2.
This new additional contribution emanates from the complex gluonic pole prescription in the representation of the twist 3 correlator B V (x 1 , x 2 ) which, in its turn, is directly related to the complex pole prescription in the quark propagator forming the hard part of the corresponding hadron tensor.
In more detail, the causal prescription in the quark propagator, involved in the hard part of the diagram on Fig. 1(a) , selects from the physical axial gauges the contour gauge defined by Eq. (11) . At the same time, the contour gauge predestines Eq. (12) and, therefore, the representation of B V (x 1 , x 2 ) in the form of the gluonic pole with the complex prescription, see (15) . Since both diagrams on Fig. 1(a) and (b) should be considered within the same (contour) gauge, the representation (15), which we advocate, has to be applied for the diagram depicted on Fig. 1(b) . As a result of this, the diagram on Fig. 1(b) , in contrast to naive assumptions, has the imaginary part. In some sense, the diagram on Fig. 1(b) feels the complex prescription in the hard part of the diagram on Fig. 1(a) by means of the contour gauge which we make used. Note that, from the physical point of view, the consideration of each of the diagrams on Fig. 1 individually makes no sense. This is completely similar to the case of exclusive dijet production [34] when the pole prescription in (twist two) matrix element of gluonic fields is controlled by the corresponding hard subprocess.
We have argued that, in addition to the electromagnetic gauge invariance, the inclusion of new-found contributions corrects by the factor of 2 the expression for SSA in the transverse polarized Drell-Yan process.
Finally, we proved that the complex prescription in the quark propagator forming the hard part of the hadron tensor, the starting point in the contour gauge, the representation of B V (x 1 , x 2 ) like (15) and the electromagnetic gauge invariance of the hadron tensor must be considered together as the deeply related items.
